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Edited by Julian SchroederAbstract It has been shown that the Arabidopsis MEK kinase
MEKK1 acts upstream of the MAP kinase MPK4 to negatively
regulate salicylic acid-dependent defense-response pathways.
Here, we report that the mekk1;mpk4 double-mutant combina-
tion causes seedling lethality. In addition, we demonstrate that
mekk1 and mpk4 single-mutant plants have signiﬁcantly diﬀer-
ent phenotypes. mekk1 plants are defective for lateral root for-
mation, while mpk4 plants are not. In addition, treatment with
elevated levels of sodium chloride improves the growth of mekk1
plants, while it inhibits the growth of mpk4 plants. Our results
suggest that MEKK1 and MPK4 functions are not limited to a
single, linear signaling pathway. Instead there appears to be
more complexity to the signaling pathways in which these two
proteins function.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Arabidopsis1. Introduction
Mitogen activated protein kinase (MAPK) signaling cas-
cades have been implicated in the regulation of many aspects
of plant growth and development [1–3]. It has recently been
demonstrated that the Arabidopsis MAP kinase kinase kinase
MEKK1 acts upstream of the MAP kinase MPK4, and that
these proteins act in a signaling pathway that negatively regu-
lates the activation of defense-response genes and reactive oxy-
gen species production [4–6]. Null mutants for mpk4 and
mekk1 have similar phenotypes that are characterized by
dwarﬁsm, true leaves that are dark-green and curled, constitu-
tive H2O2 accumulation in leaves, and constitutive expression
of defense-response genes [4–8]. Both mpk4 and mekk1 mu-
tants grow poorly at normal growth temperatures but are able
to survive for several weeks in soil [4–6]. An additional charac-
teristic of mekk1 plants that has been reported is that the dwarf
phenotype can be largely rescued by growing the plants at ele-
vated temperatures in the range of 28–32 C [4,6]. This type of
high-temperature rescue has also been reported for other*Corresponding author. Fax: +1 608 262 4743.
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doi:10.1016/j.febslet.2007.05.083mutants that cause dwarﬁsm due to constitutive expression
of defense-response genes [4].
Based on several recent publications, the current model for
MEKK1 and MPK4 function is that a MAP kinase cascade
composed of MEKK1, MKK1, and MPK4 exists in Arabidop-
sis that serves as a negative regulator of pathogen response
pathways [4–6,9]. This cascade acts downstream of the ﬂagellin
receptor FLS2, which detects the presence of pathogen-associ-
ated molecular patterns (PAMPS) such as the ﬂagellin peptide
ﬂg22 [10]. MKK1 is a MAP kinase kinase that has been shown
to be required for the full activation of MPK4 in response to
ﬂg22 treatment [9].
The spatial expression patterns of MEKK1 and MPK4 in
leaf tissue have been previously characterized through the
use of transcriptional fusions between the native promoter of
each gene and the GUS reporter gene [4,8]. For both genes
the strongest expression was observed in guard cells and vascu-
lar tissue. It was also reported that MEKK1 was more strongly
expressed in emerging true leaves when compared to mature
leaves [4]. Root tissue was not examined in either of these stud-
ies.
The response of Arabidopsis to ﬂg22 treatment is not limited
to the MEKK1/MKK1/MPK4 cascade described above. It has
also been shown that the MAP kinases MPK3 and MPK6 be-
come activated in response to ﬂg22 treatment [4,6,9,11]. These
results indicate that the structure and identity of the MAP ki-
nase cascades that react to a given stimulus in plants are likely
to be characterized by complexity. Because the Arabidopsis
genome encodes 20 MAPKs, 10 MAPKKs, and at least 60
MAPKKKs, the potential for complexity is high [12]. In the
present study we have performed double-mutant analysis of
the mekk1 and mpk4 mutations in order to better understand
the genetic interactions between these loci. If MEKK1 and
MPK4 act in a single, linear signaling pathway then one would
expect double-mutant plants to have a phenotype that is iden-
tical to that of mpk4 mutants, since it has been demonstrated
that MEKK1 acts upstream of MPK4. Here, we report results
suggesting that signaling through MEKK1 and MPK4 is more
complex than this simple linear model would predict.2. Materials and methods
2.1. Plant material
mekk1-1 (At4g08500; Salk-052557) [4–6] in the Columbia back-
ground and mpk4 [8] in the Landsberg background were grown in soil
under constant light at 22 C or 30.5 C. A transgenic line stablyblished by Elsevier B.V. All rights reserved.
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tive promoter in the mekk1-1 homozygous mutant background has
been previously described [6]. All analyses of mpk4 mutant plants were
performed using seed collected from homozygous mpk4 parent plants.
For the experiments involving mekk1-1 mutant plants, seed was col-
lected from a heterozygous parent and all progeny were genotyped
using PCR to identify homozygous mekk1-1 individuals. For lateral
root analysis seedlings were grown on vertically oriented plates con-
taining 0.5· Murashige and Skoog basal salt mixture media with
0.7% agar (w/v). Plates were incubated under constant light at 22 C
for 11 days.
2.2. Genotyping
The following primers were used for PCR-based genotyp-
ing: MEKK1F: 5 0-ATATCTCTCTCTTCGCCGTCAGGTTTTG-3 0,
MEKK1R: 5 0-AACTAGTAGGCTCCGGAAACTCCAAAGAG-30,
p745: 5 0-AACGTCCGCAATGTGTTATTAGTTGTC-30, MPK4F:
5 0-GGAATTGTCTGGTGAGTTCCA-30, MPK4R: 5 0-CCAGAGA-
TGCTGATGATTAGT-3 0, DS2: 5 0-TTTCGTCGGTAATCACCAT-
TC-3 0. The p745 primer recognizes the left border of the T-DNA
insertion in mekk1-1, and DS2 recognizes the Ds transposon insertion
in mpk4.
2.3. Osmotic stress treatments
Surface-sterilized seeds were placed on plates containing 0.5·
Murashige and Skoog basal salt mixture with 0.7% agar (w/v) and
incubated in the dark for ﬁve days at 4 C. Following stratiﬁcation
the plates were incubated under constant light at 22 C for 11 days.
For sodium chloride treatment the growth medium was supplemented
with 0 mM, 25 mM, 50 mM, 75 mM, or 100 mM sodium chloride.
Whole seedling fresh weight, not including root tissue, was then deter-
mined. The additional osmotic stress treatments tested were 1%, 2%,
5%, and 10% sucrose; 1%, 2%, 5%, and 10% glucose; and 25 mM,
50 mM, 75 mM, and 100 mM mannitol.
2.4. Plasmid construction
A fragment of genomic DNA containing the MEKK1 locus was
PCR ampliﬁed from the wild-type Columbia genome and cloned into
a plasmid vector. The MEKK1 promoter region present in this clone
includes 1730 bases of sequence upstream of the MEKK1 start codon.
Site directed mutagenesis was then used to introduce unique restriction
sites immediately downstream of theMEKK1 start codon in this clone.
The coding region of the yellow ﬂuorescent protein YFP was then PCR
ampliﬁed and cloned into these restriction sites. The resulting YFP-
MEKK1 clone constitutes a translational fusion in which the YFP
domain is present at the n-terminus of MEKK1. Expression of this
construct is driven by theMEKK1 native promoter. The resulting con-
struct was moved into the binary vector pCAMBIA1300 and intro-
duced into Arabidopsis via Agrobacterium-mediated transformation
[13]. The GFP-MPK4 construct was kindly provided by Morten Peter-
sen and is comprised of 1150 bases of the promoter region of the
MPK4 locus driving expression of an N-terminal GFP-MPK4 fusion
in the pCAMBIA3300 binary vector.
2.5. Microscopy
The imaging of YFP-MEKK1 and GFP-MPK4 transgenic plants
was performed using an OLYMPUS B·60 compound microscope
equipped for epiﬂuorescence analysis of YFP and GFP ﬂuorescence.Fig. 1. mekk1 and mpk4 dwarf phenotypes are rescued by growth at
high temperature. Two-week-old plants grown on soil at 22 C (A, C, E,
and G) or 30 C (B, D, F, and H). (A, B) wild-type Columbia. (C, D)
mekk1-1. (E, F) mpk4. (G, H) wild-type Landsberg erecta. Bars = 1 cm.3. Results
3.1. The mekk1 and mpk4 dwarf phenotypes are rescued by
growth at high temperature
It has been demonstrated that the dwarf phenotype of mekk1
single-mutant plants is largely rescued by growth at elevated
temperatures in the range of 28–32 C [4,6]. It is also known
that mpk4 single-mutant plants have a dwarf phenotype that
is very similar to that of mekk1 mutants [4–8]. Because
MPK4 has been shown to act downstream of MEKK1 in the
regulation of defense-response pathways [4–6], we were inter-ested in determining if the mpk4 dwarf phenotype could also
be rescued by high-temperature growth. Seeds of mekk1-1 in
the Columbia background, mpk4 in the Landsberg back-
ground, wild-type Columbia, and wild-type Landsberg were
sown on soil and placed under constant light at 22 C for ﬁve
days. During this time period the seedlings of all the genotypes
germinated. The dwarf phenotypes of the mekk1 and mpk4
mutants are not apparent at this early stage of development.
The plants were then transferred to 30 C and grown continu-
ously at this temperature for an additional 10 days. As seen in
Fig. 1, the mpk4 dwarf phenotype is rescued by growth at ele-
vated temperatures, indicating that this characteristic is shared
by both the mekk1 and mpk4 mutants.
3.2. Sodium chloride treatment diﬀerentially aﬀects mekk1 and
mpk4 mutant plants
Previous reports have indicated thatMEKK1 transcription is
upregulated when plants are subjected to osmotic and/or salt
stress [14]. We therefore tested the response of mekk1-1 seed-
lings to osmotic stress by supplementing their growth media
with various concentrations of mannitol, sucrose and glucose
(see Section 2). The response of mekk1-1 seedlings to these
treatments was similar to that displayed by wild-type (data
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ride, however, were found to improve the growth of mekk1-1
plants (Fig. 2A–C). The true leaves formed by mekk1 plants
grown on basal media are dark green and poorly expanded.
When grown in the presence of 75 mM sodium chloride, how-
ever, the true leaves of mekk1 plants display substantially im-
proved expansion (Fig. 2B). For comparison, the growth ofFig. 2. Sodium chloride treatment improves the growth of mekk1 plants but
supplemented with various concentration of sodium chloride at 22 C un
homozygous mekk1-1 (mekk1), homozygous mekk1-1 expressing the kinase-
erecta (LER), and homozygous mpk4 plants (mpk4). 0, 50, 75, and 100 indi
present in the growth media. (B) Close-up view of homozygous mekk1-1 plan
Fresh weights of green tissue from two-week-old plants: (C) wild-type Colum
type Landsberg erecta (n = 14–19) and mpk4 (n = 15–20).wild-type plants is progressively inhibited by increasing so-
dium chloride levels (Fig. 2A,C).
The fresh-weight of mekk1-1 plants grown in the presence of
75mM sodium chloride is ca. threefold greater than that of
mekk1-1 plants grown on basal media (Fig. 2C). In addition,
the average fresh weights of mekk1-1 plants grown on 50 mM,
75 mM, and 100 mM sodium chloride were all signiﬁcantlynot that of mpk4 plants. Plants were grown for fourteen days on media
der constant light. (A) Representative wild-type Columbia (COL),
impaired MEKK1 (K361M) construct (K361M), wild-type Landsberg
cate the concentration in millimoles of supplemental sodium chloride
ts grown on 0 mM and 75 mM sodium chloride. Bars = 2 mm. (C, D)
bia (n = 15–17), mekk1 (n = 9–13), and K361M (n = 15–19), (D) wild-
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test, P 6 0.01). By contrast, growth in the presence of 75 mM
sodium chloride reduces the fresh weight of wild-type Columbia
plants ca. fourfold when compared to wild-type grown on basal
media (Fig. 2C). Because mannitol, sucrose, and glucose treat-
ments were not able to rescue themekk1-1 phenotype, it appears
that the growth improvement caused by elevated sodium chlo-
ride is not due to a general osmotic eﬀect.
In order to further compare the phenotypes of mekk1 and
mpk4 single-mutant plants, we next tested the eﬀects of ele-
vated sodium chloride on the growth of mpk4mutants. As seen
in Fig. 2A, the growth of mpk4 plants declined with increasing
levels of sodium chloride, and none of the sodium chloride
concentrations tested improved the growth of mpk4 plants. ItFig. 3. Lateral root formation is inhibited in mekk1 but not mpk4 plants. (A)
light at 22 C. (B) Lateral root density. (n = 17–25). K361M indicates ho
(K361M) construct. Col and K361M are not signiﬁcantly diﬀerent (t-test, P
lateral roots are produced by homozygous mekk1-1 plants. (C,D) GFP- and Y
promoter: (C) MEKK1::YFP-MEKK1 and (D)MPK4::GFP-MPK4. i and ii
primary root tips. ii and iv show lateral roots. Bars are 0.5 mm. (E,F) Two-w
0.5 cm: (E) wild-type Columbia and homozygous mekk1-1 (white arrow). (F
construct.was also observed that mpk4 mutants are moderately resistant
to 75 mM sodium chloride when compared to wild-type
Landsberg (Fig. 2D). Although this diﬀerence was found to
be statistically signiﬁcant (t-test, P 6 0.01), it is not clear what
the biological relevance of this mild salt resistance is.
In addition, we also tested the eﬀect of sodium chloride
treatment on the growth of mekk1 mutant plants that stably
express a kinase-impaired version of MEKK1 under the tran-
scriptional control of the MEKK1 native promoter. We have
previously shown that this kinase-impaired MEKK1 protein
is able to rescue the mekk1 dwarf phenotype [6]. This mutant
protein has a single amino acid substitution (K361M) in the
ATP-binding pocket of the MEKK1 kinase. These K361M
plants respond to salt treatment in the same way that wild-typeRepresentative 11-day-old plants grown on basal media under constant
mozygous mekk1-1 plants that express the kinase-impaired MEKK1
> 0.01). Ler and mpk4 are signiﬁcantly diﬀerent (t-test, P < 0.01). No
FP-fusion protein expression in root tissue driven by each gene’s native
are epiﬂuorescence images. iii and iv are brightﬁeld images. i and iii are
eek-old plants grown on the soil at 22 C under constant light. Bars are
) Homozygous mekk1-1 mutant expressing the MEKK1::YFP-MEKK1
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paired K361M protein is able to rescue the mekk1 mutant phe-
notype (Fig. 2A,C).3.3. mekk1 and mpk4 diﬀerentially aﬀect lateral root formation
Another mutant phenotype that has been previously de-
scribed for mekk1 plants is a severe reduction in the density
of lateral roots [5]. In order to determine if this phenotype is
shared by mpk4 plants we measured the number of lateral
roots per centimeter in 11-day-old seedlings grown at 22 C
on vertically oriented agar plates for mekk1-1, mpk4, mekk1-
1 expressing the kinase-impaired MEKK1(K361M) protein,
wild-type Columbia, and wild-type Landsberg (Fig. 3A).
mekk1-1 plants displayed an absence of detectable lateral
roots, while mpk4 plants produced an average of 2.9 lateral
roots per centimeter (Fig. 3B). For comparison, wild-type
Landsberg had an average of 3.6 lateral roots per centimeter.
The mpk4 mutation therefore causes a small, but signiﬁcant
(t-test, P 6 0.01), quantitative reduction in lateral root density
relative to wild-type, whereas the mekk1 mutation leads to the
elimination of lateral root formation. mekk1-1 plants express-
ing the MEKK1(K361M) protein had lateral root densities
similar to that of wild-type Columbia, providing further evi-
dence that the kinase-impaired protein is able to rescue the
mekk1 mutant phenotype.
The absence of lateral roots in mekk1-1 plants suggests that
the MEKK1 protein may function in a pathway that is impor-
tant for lateral root production. To further explore this possi-
bility we constructed a plasmid carrying a YFP-MEKK1
translational fusion under the transcriptional control of the
MEKK1 native promoter. This construct was introduced into
MEKK1/mekk1 heterozygous plants, and transgenic lines were
isolated. Genotype analysis of the segregating progeny of these
lines demonstrated that the YFP-MEKK1 fusion protein was
able to rescue the mekk1 mutant phenotype, indicating that
the presence of the YFP tag did not interfere with the function
of the MEKK1 protein (Fig. 3E,F). We next used epiﬂuores-
cence microscopy to monitor the pattern of MEKK1 expres-
sion in these lines. Strong YFP-MEKK1 expression was
observed in lateral root primordia, which is consistent with
the idea that MEKK1 has a functional role in the production
of these organs (Fig. 3C). The other region of the root that dis-
played strong YFP-MEKK1 expression was the root tip
(Fig. 3C). A similar analysis of protein expression in root tis-
sue was also performed for MPK4 using a GFP-MPK4 trans-
lational fusion expressed via the MPK4 native promoter. The
expression pattern that we observed for MPK4 was similar to
that of MEKK1, with the highest expression detected in lateral
root tips and the primary root tip (Fig. 3D).Fig. 4. The mekk1;mpk4 double-mutant combination causes seedling
lethality. Seeds collected from an mekk1/mekk1;mpk4/MPK4 plant
were grown for seven days on agar plates at 22 C and photographed.
The genotypes of 108 individual seedlings were then determined by
PCR. A representative plant for each genotype is shown. (A) mekk1/
mekk1;MPK4/ MPK4. (B) mekk1/mekk1;mpk4/MPK4. (C) mekk1/
mekk1;mpk4/mpk4. Bars are 0.5 cm. (D–E) Plants grown on soil at
30 C for 26 days. A representative individual for each genotype is
shown. Bars are 1 cm.3.4. The mekk1;mpk4 double-mutant combination is seedling
lethal
Previous work has indicated that MPK4 acts downstream of
MEKK1. If these two proteins function exclusively in a linear
signaling pathway then one would expect mekk1;mpk4 double-
mutants to be phenotypically identical to mpk4 single-mutants.
To test this hypothesis we constructed plants that were double-
mutant for mekk1-1 and mpk4. Because MEKK1 and MPK4
are genetically linked, we ﬁrst isolated plants with the genotype
mekk1-1/mekk1-1;MPK4/mpk4 in order to improve the eﬃ-
ciency with which we could generate homozygous double-mu-tant progeny. These plants were allowed to self-pollinate, and
segregation at the MPK4 locus was analyzed by PCR-based
genotyping. One hundred and thirty seven seeds were plated
onto agar plates, and 108 germinated seedlings were genotyped
after seven days of growth at 22 C. Fifteen percent of the
seedlings tested were homozygous double-mutant, which is sig-
niﬁcantly less than the 25% that one would predict due to stan-
dard Mendelian segregation (Fig. 4). All 16 of the mekk1-1/
mekk1-1;mpk4/mpk4 seedlings that we identiﬁed displayed a
seedling-lethal phenotype that was characterized by the ab-
sence of detectable root growth and an absence of true leaf
development (Fig. 4C). If mekk1-1/mekk1-1;mpk4/mpk4 seed-
lings are left on the agar plate for longer periods of time no
growth occurs, and the seedlings eventually die. Since ca.
18% of the seeds that were plated failed to germinate, it seems
likely that the reduced number of homozygous double-mutant
seedlings that we observed could be at least partially due to the
failure of many of the homozygous double-mutants to germi-
nate. No diﬀerences in growth were observed between plants
with the mekk1-1/mekk1-1;MPK4/mpk4 and mekk1-1/mekk1-1;
MPK4/MPK4 genotypes.
Since we have shown that the dwarf phenotype of both
mekk1 and mpk4 single-mutant plants can be largely rescued
by growth at 30.5 C, we next tested the ability of elevated tem-
perature to rescue the seedling lethal phenotype of homozy-
gous double-mutants. For this experiment seed was collected
3176 S.-H. Su et al. / FEBS Letters 581 (2007) 3171–3177from an mekk1-1/mekk1-1;MPK4/mpk4 parent plant, sown on
soil, and incubated at 22 C for ﬁve days under constant light
to allow germination. The plants were then transferred to
30.5 C for an additional three weeks of growth. Although
growth of the homozygous double-mutant plants was im-
proved by elevated temperature, when compared to their
mekk1 single-mutant sibs the double-mutants were much
smaller in size (Fig. 4D–E). In addition, the homozygous dou-
ble-mutants were not able to produce an inﬂorescence. For
comparison, the mekk1 single-mutant plants produce a ﬂower-
ing bolt that is able to set seed when incubated at 28 C. These
results indicated that the mekk1/mpk4 double-mutant pheno-
type is much more severe than that of either single-mutant
phenotypes.4. Discussion
Previous work describing mekk1 and mpk4 single-mutant
plants has highlighted the similarity of the phenotypes caused
by these mutations. This phenotypic similarity is consistent
with the extensive biochemical analyses that have placed
MEKK1 upstream of MPK4 in a MAP kinase cascade that
is induced by the treatment of seedlings with the ﬂagellin elic-
itor peptide ﬂg22 [4,6]. Here we have documented an addi-
tional phenotypic similarity between mpk4 and mekk1 plants
by showing that the dwarﬁsm of mpk4 plants can be rescued
by high-temperature growth in the same way that the mekk1
dwarf phenotype is rescued. This ﬁnding suggests that high-
temperature rescue occurs via a mechanism that involves a
process downstream of MPK4. This result also lends further
support to the idea that MEKK1 and MPK4 function in a
shared signaling pathway.
We also observed, however, that there are signiﬁcant diﬀer-
ences in the phenotypes displayed by mekk1 and mpk4 single-
mutant plants. First, we demonstrated that mekk1 plants are
partially rescued by growth on elevated levels of sodium chlo-
ride, while mpk4 plants are not. The mechanism by which ele-
vated sodium chloride is able to improve the growth of mekk1
plants is not clear. One possibility is that salt-stress induces
molecular changes in the mekk1 plants that somehow correct
for the imbalances created by the mekk1 lesion, resulting in a
net improvement in overall plant growth. Since elevated so-
dium chloride levels improve the growth of mekk1 mutants,
one could also postulate that MEKK1 functions as a negative
regulator of salt stress response. This model would seem to be
at odds with the observation that MEKK1 transcription is in-
duced by sodium chloride treatment [14]. Due to the pleiotro-
pic eﬀects of the mekk1 mutation, it seems more likely that the
growth improvement observed in response to salt treatment
may not be directly tied to signaling pathways that are specif-
ically controlled by MEKK1.
Another contrast in mutant phenotypes between mekk1 and
mpk4 was observed in terms of lateral root formation. We ob-
served that the mpk4 mutation causes only a slight reduction
in lateral root density when compared to wild-type, which con-
trasts sharply with the severe reduction in lateral root formation
in mekk1 plants [5]. Analysis of tissue-speciﬁc protein expres-
sion indicated that MPK4 and MEKK1 have very similar
expression patterns, with both proteins most highly expressed
in lateral root tips and in the primary root tip. These results sug-
gest that MEKK1 may play a unique role in lateral root forma-tion, whereas the function of MPK4 in this process may be
shared by additionalMAP kinase isoforms that are able to com-
pensate for the mpk4 mutation via functional redundancy.
The phenotypic diﬀerences between mekk1 and mpk4 plants
suggest that the functionality of these two proteins is not lim-
ited to a single shared signaling pathway, because if this were
the case then one would expect the two mutations to result in
nearly identical phenotypes. The idea that MEKK1 and
MPK4 function in more than one signaling pathway is further
supported by the seedling-lethal phenotype displayed by dou-
ble-mutant plants. At standard Arabidopsis growth tempera-
tures we observed that homozygous double-mutants arrested
growth immediately following germination. No root growth
was detected and no true leaves were formed. For comparison,
both mpk4 and mekk1 single-mutant plants are able to grow
long primary roots and survive in soil for several weeks.
Although the true leaves of these single-mutant plants are
small, they are nonetheless able to develop several pairs of true
leaves. The double-mutant phenotype is therefore much more
severe than either of the single-mutants.
We have previously demonstrated that MEKK1(K361M),
which is a kinase-impaired version of MEKK1, is able to res-
cue the dwarf phenotype of mekk1 plants [6]. This result sug-
gests that structural features of MEKK1, such as the
potential ability to function as a scaﬀold protein, may be more
critical to its function than the protein’s kinase activity. In the
present study we have further characterized the ability of
MEKK1(K361M) to rescue the mekk1 mutant phenotype
and have shown that the kinase-impaired protein can restore
normal salt sensitivity and lateral root formation to the mekk1
mutant. These ﬁndings indicate that the kinase activity of
MEKK1 is dispensable for most if not all aspects of
MEKK1-regulated signaling pathways. This is not to say that
the kinase activity of MEKK1 is not involved in signaling in a
wild-type plant, but rather that Arabidopsis may have redun-
dant mechanisms that compensate for the missing kinase activ-
ity in MEKK1(K361M) plants.
From a genetic standpoint, mekk1 and mpk4 can be de-
scribed as displaying synthetic lethality. The phenomena of
synthetic lethality can be used to infer that two genes function
in parallel signaling pathways that aﬀect a biological process
that is essential for viability [15]. A simple model could be pro-
posed where MEKK1 and MPK4 function in a shared MAP
kinase cascade that is activated in response to the treatment
of plants with ﬂagellin [4,6], and in addition to this shared
pathway, each protein also participates in additional pathways
that converge to regulate a process that is essential for post-
germination growth of seedlings. Further work will be needed
to fully understand the identity of these putative additional
pathways through which each of these proteins function. It is
apparent, however, that signaling via MEKK1 and MPK4
must involve more than just a single, linear kinase cascade.
Continued application of double-mutant analyses between
the many loci encoding components of MAP kinase cascades
in Arabidopsis should allow for the construction of a detailed
genetic interaction map that should help improve our under-
standing of the complexity present in MAP kinase signaling
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